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omplete oxidation of toluene on Co3O4/CeO2–ZrO2–SnO2 catalysts
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a  b  s  t  r  a  c  t
Novel  Co3O4/CeO2–ZrO2–SnO2 catalysts  were  prepared  by  evaporative  drying  and  subsequent  calcination
of  the  complexes,  and  catalytic  combustion  of  toluene  on  the catalysts  was  investigated.  Tin oxide  (SnO2)
and  cobalt  oxide  (Co3O4) served  as promoters  to facilitate  the toluene  oxidation.  Introduction  of  SnO2 into
the CeO2–ZrO2 lattice  was  effective  at enhancing  the  oxygen  release  and  storage  properties,  leading  to an
increase  in  the  toluene  oxidation  activity.  This improvement  of  the oxygen  release  ability  of the  catalyst
can  be ascribed  to  the  simultaneous  reduction  of Ce4+ and Sn4+ in  the  CeO2–ZrO2–SnO2 solid  solutions.
Co3O4 on the  CeO2–ZrO2–SnO2 supports  promoted  toluene  oxidation  in  lieu  of  platinum,  which  is usually
employed  but  leads  to  high  production  costs.  By  the  optimization  of  the  catalyst  composition,  complete
oxidation  of  toluene  was  realized  at 260 ◦C on  Co3O4(16.9  wt%)/Ce0.67Zr0.18Sn0.15O2.0.
©  2013  The  Ceramic  Society  of  Japan  and  the  Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. All  rights  reserved.
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t. Introduction
Toluene is used as an organic solvent for paints, printing inks,
dhesives, and antiseptics due to its excellent ability to dissolve
rganic substances. However, toluene is one of the volatile organic
ompounds (VOCs) harmful to human health and the environment,
s it is responsible for unpleasant odors, sick building syndrome,
nd air pollution including photochemical smog [1]. To protect
uman health and the environment, it is necessary to remove as
uch toluene as possible before it is vaporized and released into
he atmosphere. Application of platinum supported catalysts is an
ffective way to eliminate toluene by complete oxidation. However,
he use of platinum usually involves high production costs, making
t prohibitive from a practical application standpoint. Therefore,
t is desirable to develop catalysts devoid of platinum without a
igniﬁcant decrease in the catalytic activity.
To realize such advanced catalysts, we focused on cobalt oxide
Co3O4) instead of platinum as a catalyst to facilitate toluene oxida-
ion, since Co3O4 was reported to have the highest catalytic activity
or VOCs oxidation among several transition metal oxides investi-
ated [2–6]. Furthermore, the use of catalyst supports, which can
rovide oxygen from inside the bulk, is also effective in facilitat-
ng toluene oxidation [7]. For example, CeO2–ZrO2–Bi2O3 solid
olutions have been known to have high oxygen release and
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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storage properties, and complete oxidation of VOCs at moderate
emperatures was successfully realized by applying them as cat-
lyst supports or promoters [8–15]. Employing CeO2–ZrO2–SnO2
olid solutions was  even more effective in accelerating VOCs oxi-
ation [16]. In this study, therefore, novel Co3O4/CeO2–ZrO2–SnO2
atalysts were prepared and catalytic combustion of toluene on the
atalysts was  investigated to realize complete abatement of toluene
t as low a temperature as possible.
. Experimental
A Ce0.67Zr0.18Sn0.15O2.0 support was prepared by the evapora-
ive drying method, where the composition was optimized to give
he highest oxygen release and storage abilities [16]. SnC2O4 was
issolved in a mixture of 1.0 mol  dm−3 Ce(NO3)3 and 0.1 mol  dm−3
rO(NO3)2 aqueous solutions in a stoichiometric ratio. Next, citric
cid, acetic acid (30, w/v%), and polyvinyl pyrrolidone K25 (PVP;
ean molecular weight of 35,000 and mean degree of polymeriza-
ion of 315) were added and the solution was stirred at 80 ◦C for
 h. After the solvent was evaporated at 180 ◦C on an agitator with
 heater, the resulting powder was  dried at 80 ◦C for 12 h, and then
alcined at 500 ◦C for 1 h.
Supported x wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0 (10 ≤ x ≤ 20) cata-
ysts were prepared by mixing a 0.1 mol  dm−3 Co(NO3)3 aqueous
olution with the Ce0.67Zr0.18Sn0.15O2.0 support. After mixing,
omogeneous samples were obtained by evaporative drying at
0 ◦C for 12 h, and then calcination at 500 ◦C for 4 h to gen-
rate the spinel structure of Co3O4 certainly. For reference, catalyst without SnO2 using the same procedure was pre-
ared. In addition, a 16.8 wt%Co3O4/Ce0.78Zr0.22O2.0 catalyst and a
6.8 wt%Co3O4/Ce0.64Zr0.15Bi0.21O1.895 catalyst were prepared by a
imilar procedure for comparison.
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Fig. 2. XRD patterns for x wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0 catalysts: (a) x = 10.4, (b)
12.7,  (c) 16.9, and (d) 19.9 (©: Ce0.67Zr0.18Sn0.15O2.0; : Co3O4).
Table 1
Composition and BET surface area of catalysts.
Catalyst Catalyst composition BET surface
area (m2 g−1)
CZS Ce0.67Zr0.18Sn0.15O2.0 81
10.4Co/CZS 10.4 wt%Co3O4/Ce0.66Zr0.19Sn0.15O2.0 66
12.7Co/CZS 12.7 wt%Co3O4/Ce0.65Zr0.19Sn0.16O2.0 62
16.9Co/CZS 16.9 wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0 61
19.9Co/CZS 19.9 wt%Co3O4/Ce0.65Zr0.18Sn0.17O2.0 57
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(ig. 1. XRD patterns for (a) Ce0.67Zr0.18Sn0.15O2.0 (CZS), (b) Ce0.64Zr0.15Bi0.21O1.895
CZB), and (c) Ce0.78Zr0.22O2.0 (CZ).
The sample composition was analyzed by using X-ray ﬂuores-
ence spectrometry (XRF; Rigaku, ZSX-100e). The crystal structure
f the catalysts was identiﬁed by X-ray powder diffraction (XRD;
igaku, SmartLab) using Cu-K radiation (40 kV, 30 mA). Transmis-
ion electron microscopic images were also taken, operating with
n accelerating voltage of 300 kV (TEM; Hitachi H-9000NAR). The
runauer–Emmett–Teller (BET) speciﬁc surface area was  measured
y nitrogen adsorption at −196 ◦C and pore size distribution (PSD)
lots were obtained by the Barrett–Joyner–Halenda (BJH) method
sing the cylindrical pore model (Micromeritics Tristar 3000). Tem-
erature programmed reduction (TPR) measurements were carried
ut under a ﬂow of 5 vol% H2–Ar (50 cm3 min−1) at a heating rate
f 5 ◦C min−1 (BEL JAPAN BELCAT-B). Following the TPR experi-
ent, the oxygen storage capacity (OSC) was measured using a
ulse-injection method at 427 ◦C (700 K).
The oxidation activity for toluene was tested in a conventional
xed-bed ﬂow reactor consisting of a 10-mm diameter quartz glass
ube. The feed gas was composed of 0.09 vol% toluene in an air
alance and the rate was 20 cm3 min−1 over 0.1 g of the catalyst
space velocity (S.V.) = 12,000 dm3 kg−1 h−1], where toluene was
ntroduced in a gaseous state. Prior to the measurements, the cat-
lyst was heated at 200 ◦C for 2 h in a ﬂow of Ar (20 cm3 min−1)
o remove water molecules adsorbed on its surface. The catalytic
ctivity was evaluated in terms of toluene conversion. The gas
omposition after the reaction was analyzed using a gas chromato-
raph with a ﬂame ionization detector (FID; Shimadzu GC-8AIF)
nd a gas chromatograph-mass spectrometer (GC-Mass; Shimadzu
CMS-QP2010 Plus).
. Results and discussion
Fig. 1 shows in the XRD patterns of Ce0.78Zr0.22O2.0 (CZ),
e0.64Zr0.15Bi0.21O1.895 (CZB) and Ce0.67Zr0.18Sn0.15O2.0 (CZS) sup-
orts. As seen in the enlargement of the patterns in the 2 range
rom 55◦ to 58◦, the XRD peaks of CZB shifted to lower angles,
hile the peaks of CZS shifted to higher angles than those of CZ,
espectively, because Bi3+ (ionic radius: 0.117 nm)  [17] is larger and
n2+ (ionic radius: 0.081 nm)  [17] is smaller than Ce4+ (ionic radius:
.097 nm)  [17] and Zr4+ (ionic radius: 0.084 nm)  [17] in the host lat-
ice. The cubic lattice constants were 0.5381 nm for CZ, 0.5405 nm
or CZB, and 0.5354 nm for CZS, respectively, which were calculated
rom the XRD peak angles, reﬁned using -Al2O3 as a standard.
hese lattice expansion and shrink elucidate the formation of solid
olutions.
Fig. 2 shows XRD patterns for the x wt%Co3O4/
e0.67Zr0.18Sn0.15O2.0 (10 ≤ x ≤ 20) catalysts. The XRD results
s
a
t
d16.8Co/CZ 16.8 wt%Co3O4/Ce0.78Zr0.22O2.0 65
16.8Co/CZB 16.8 wt%Co3O4/Ce0.64Zr0.15Bi0.21O1.895 56
or the x wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0 (xCo/CZS) catalysts
howed only peaks corresponding to the cubic ﬂuorite-type oxide
CeO2; JCPDS 34-0394), Co3O4 (JCPDS 42-1467), and no crystalline
mpurities were observed. No peak shift was observed regardless
f the amount of cobalt oxide, indicating that Co3O4 was supported
n the surface of the Ce0.67Zr0.18Sn0.15O2.0 without forming solid
olutions.
The composition and BET speciﬁc surface area of the xCo/CZS
atalysts are summarized in Table 1. The compositions of the cata-
ysts were conﬁrmed by the XRF analysis to be in good agreement
ith their stoichiometric values. BET speciﬁc surface areas of the
Co/CZS catalysts decreased with increasing Co3O4 content. These
esults suggest that some of the Co3O4 particles were supported in
he pores of Ce0.67Zr0.18Sn0.15O2.0.
Fig. 3 depicts the temperature dependencies of toluene oxi-
ation over the xCo/CZS (10 ≤ x ≤ 20) catalysts. Toluene was
ompletely oxidized into CO2 and steam, and no CO or toluene-
erived by-products were detected by gas chromatography–mass
pectrometry. The toluene oxidation activity depended on the cat-
lyst composition, and the highest activity was obtained for the
6.9Co/CZS catalyst. Toluene oxidation activity of this catalyst was
nitially observed at 120 ◦C, and complete oxidation of toluene was
onﬁrmed at 260 ◦C. The activity decreased when 19.9Co/CZS was
pplied, probably due to Co3O4 agglomeration and particle growth.
Fig. 4 demonstrates TEM images of the (a) 16.8 wt%Co3O4/
e0.78Zr0.22O2.0 (16.8Co/CZ), (b) 16.8 wt%Co3O4/Ce0.64Zr0.15Bi0.21
1.895 (16.8Co/CZB), (c) 16.9 wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0
16.9Co/CZS), and (d) Ce0.67Zr0.18Sn0.15O2.0 (CZ) samples. As
hown in these photographs, there is no clear difference in the size
nd dispersion state of the particles for each support. In addition,
he particle size was  about the same before and after the Co3O4
eposition on the Ce0.67Zr0.18Sn0.15O2.0 support, as recognized
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rom the comparisons of Fig. 4(c) with Fig. 4(d), which suggests
hat Co3O4 was supported in the pore of the Ce0.67Zr0.18Sn0.15O2.0
upport. The BJH pore size distribution plots of CZS and 16.9Co/CZS
re shown in Fig. 5. As evidenced in this ﬁgure, the CZS and
6.9Co/CZS particles have a narrow mesopore size distribution
round 6 nm and the size was maintained even if Co3O4 was
eposited on Ce0.62Zr0.20Sn0.18O2.0. However, the pore volume was
igniﬁcantly decreased by the Co3O4 deposition, which supports
he above discussion.
Fig. 6(a) shows the temperature dependencies of toluene oxi-
ation over the 16.8 wt%Co3O4/Ce0.78Zr0.22O2.0 (16.8Co/CZ),
6.8 wt%Co3O4/Ce0.64Zr0.15Bi0.21O1.895 (16.8Co/CZB), and
6.9 wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0 (16.9Co/CZS) catalysts.
s a reference, the proﬁle for the Ce0.67Zr0.18Sn0.15O2.0 support
ig. 3. Temperature dependencies of toluene conversion on 10.4Co/CZS (),
2.7Co/CZS (©), 16.9Co/CZS (), and 19.9Co/CZS () catalysts.
a
e
r
1
3o/CZB, (c) 16.9Co/CZS, and (d) CZS samples.
as also plotted. Toluene catalytic activity was remarkably pro-
oted not only by the Co3O4 introduction, but also by Bi2O3 or
nO2 doping into the CeO2–ZrO2 lattice. Among these catalysts,
he highest activity was obtained for the 16.9Co/CZS catalyst, over
hich the complete oxidation of toluene was  realized at 260 ◦C, as
entioned above.
The composition dependence of the oxidation activity of the
atalyst can be ascribed to the different reducibility of the sup-
orts. To evaluate this hypothesis, TPR proﬁles were measured for
omparison of the reduction behavior of 16.8Co/CZ, 16.8Co/CZB,
nd 16.9Co/CZS as shown in Fig. 6(b). The TPR proﬁle of 16.8Co/CZ
xhibited two  reduction peaks at 264 and 301 ◦C. For 16.8Co/CZB,
eduction was  initiated at a lower temperature than that for
6.8Co/CZ and reduction peaks were observed at 243, 271, and
32 ◦C. This promotion of reduction in the low temperature region
Fig. 5. BJH pore distribution plots of CZS and 16.9Co/CZS samples.
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roﬁles on 16.8Co/CZ (), 16.8Co/CZB (♦), CZS (©), and 16.9Co/CZS () catalysts.
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AFig. 6. Temperature dependencies of (a) toluene conversion and (b) TPR p
an be attributed to the high reducibility of Bi2O3 and the forma-
ion of oxide anion vacancies by partial replacement of the Ce4+
nd Zr4+ sites with Bi3+ ions to form solid solutions, leading to the
nhancement of the oxide anion conductivity [15,18].
In contrast, for 16.9Co/CZS, oxygen release began at a lower tem-
erature than that for 16.8Co/CZB, and a speciﬁc reduction peak
as observed at 215 ◦C. Accordingly, the introduction of SnO2 into
he CeO2–ZrO2 lattice was remarkably more effective than that of
i2O3 at enhancing the reducibility of the catalyst at lower temper-
tures, corresponding to high oxidation activity of 16.9Co/CZS. For
6.8Co/CZ and 16.8Co/CZB, Co3+, Ce4+, and Bi3+ were reduced sep-
rately at different temperatures, while in the case of 16.9Co/CZS,
eduction of Co3+ to Co2+, Ce4+ to Ce3+, and Sn4+ to Sn2+ occurred at
lmost the same temperature. As a result, several reduction peaks
ere observed in 16.8Co/CZ and 16.8Co/CZB, but a single one was
bserved for 16.9Co/CZS. Since tin ions exist in tetravalent states
n Ce0.67Zr0.18Sn0.15O2.0 [16], the readily reducible property of the
e0.67Zr0.18Sn0.15O2.0 support can be attributed to the synergistic
eduction of Ce4+/Ce3+ and Sn4+/Sn2+ [19–21].
The OSC relevant to the overall reducibility of the catalyst was
valuated by injecting oxygen into the sample reduced by the TPR
xperiments. The OSC value of 16.9Co/CZS was 1651 mol  O2 g−1,
hich lies midway between those of 16.8Co/CZ (1350 mol O2 g−1)
nd 16.8Co/CZB (2079 mol  O2 g−1). Taking the catalysis and TPR
esults into account, the high oxidation activity of toluene observed
n 16.9Co/CZS can be attributed not to the total OSC but to the
eadily reducible property of the Ce0.67Zr0.18Sn0.15O2.0 support. The
eadily reducible Co3O4 and Ce0.67Zr0.18Sn0.15O2.0 contribute to the
rovision of active oxygen species from the catalyst bulk, and the
xygen reacts with toluene at the interface of the two  Co3O4 and
e0.62Zr0.20Sn0.18O2.0 phases. As a result, complete toluene oxi-
ation was realized using the present 16.9Co/CZS catalyst at a
emperature of 260 ◦C, which is lower than those for 16.8Co/CZ
300 ◦C) and 16.8Co/CZB (280 ◦C).
For practical applications of the toluene oxidation catalysts, it
s important to investigate the impact of water vapor (steam) on
he catalytic activities. Steam is a product of toluene oxidation
nd usually acts as a catalyst poison, because water molecules are
dsorbed on the surface of the catalyst. Therefore, the catalytic per-
ormance of toluene oxidation in the presence of moisture must
e evaluated. The temperature dependencies of toluene oxidation
n the 16.9Co/CZS catalyst under dry and moist conditions are
hown in Fig. 7. Also in the moist condition, the reaction prod-
cts conﬁrmed by gas chromatography–mass spectrometry were
nly carbon dioxide and steam. As evidenced by these results, the
oluene oxidation activity of the 16.9Co/CZS catalyst was  unaf-
ected in the presence of saturated water vapor at 0 ◦C (0.60 vol%)
nd complete oxidation of toluene was observed at 260 ◦C. It is
xtremely important for the catalysts to maintain their oxidation
h
mig. 7. Temperature dependencies of toluene combustion to CO2 and steam on
6.9Co/CZS catalyst. Open (©) and closed () symbols correspond to data obtained
n  moist (saturated water vapor at 0 ◦C; 0.6 vol%) and dry atmospheres, respectively.
ctivity in the presence of moisture for them to be put to practical
se.
. Conclusions
Novel Co3O4/CeO2–ZrO2–SnO2 catalysts were successfully
repared by the evaporative drying method and the compo-
ition was  optimized to give the highest toluene oxidation
ctivity. Catalytic tests for toluene oxidation and charac-
erization of oxygen release/storage properties on these
aterials showed that the readily reducible property of the
eO2–ZrO2–SnO2 support was signiﬁcantly effective in facili-
ating toluene oxidation. In fact, complete oxidation of toluene
as realized using the 16.9 wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0
atalyst at a temperature of 260 ◦C, which was  lower
han those for 16.8 wt%Co3O4/Ce0.78Zr0.22O2.0 (300 ◦C) and
6.8 wt%Co3O4/Ce0.64Zr0.15Bi0.21O1.895 (280 ◦C). Furthermore, the
oluene oxidation activity was  maintained even in the presence
f moisture. Since Co3O4 on the CeO2–ZrO2–SnO2 supports
romoted toluene oxidation without using the expensive and
are platinum metal, the 16.9 wt%Co3O4/Ce0.67Zr0.18Sn0.15O2.0
atalyst has potential as a novel environmental catalyst for toluene
leaning at moderate temperatures.
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